Introduction
In recent years, there has been a significant increase in the demand for steel and materials involved, such as zinc and rare metals, due to rapid economic growth in China and other BRICs countries. This huge demand has also been spurred by the increased functionality and quality of materials and products such as steel and IT products.
Material flow analysis (MFA) and substance flow analysis (SFA) are attracting international attention as effective techniques to understand, manage, and forecast the supply and demand structure of these metal resources. Advanced studies have been conducted overseas, such as those by Brunner, 1) Graedel, [2] [3] [4] the Wuppertal Research Institute, 5) and Markus A. Reuter. 6) In this paper, the details of MFA and SFA methodology are not introduced, because Brunner describes it in detail in his book. 1) In addition, Graedel clarifies the material flow of copper 2, 3) and zinc 4) owing to the material stock and flow (STAF) project conducted at Yale University. The Wuppertal Research Institute carries out the estimation of resource flow based on material use. 5) Among notable studies at the institute is one by Markus A. Reuter et al. 6) showing the relationship between a base metal and its accompanying elements using the figure of a metal wheel. The study discusses the necessity of understanding the correlation (chemical and physical linkage) between elements. Figure 1 shows a schematic diagram of the material flow of the exhaustible resources associated with the iron and steel material cycle. In recent years, Japanese crude steel production has increased to 1.12ϫ10 8 t, a quantity much larger than that of other materials such as aluminum and copper. 7) To ensure consistent steel production and quality, the stable supply of raw materials for steel production, such as iron ore and coke, as well as the supply of rare metals and raw materials for plating are indispensable (Fig. 1) . With this background, the authors clarified the material flow of molybdenum 8) and manganese 9) based on the steel industry. In this paper, we focus on zinc, which needs to be stably supplied as a raw material for galvanizing.
Japanese zinc production in 2005 was 6.75ϫ10 5 t, and domestic demand of zinc was 4.82ϫ10 5 t. 9) The main use of metallic zinc is in the surface coating of steel and the metal accounts for 62.8 % of the domestic demand. In addition, it is used as an alloy for wrought copper products, die castings and as a component of inorganic chemicals. Zinc contained in end-of-life plated steel products is collected as electric furnace dust (EAF dust) and converter dust in the steelmaking process, and it is recycled into zinc smelting and refining processes. The Waelz process 10) is a typical intermediate treatment process used to collect zinc from steelmaking dust. However, some environmental and re- (1) to identify the material flow of zinc associated with steel production, and (2) to estimate the environmental effects (energy consumption and CO 2 emission reduction) of some intermediate dust treatment processes.
The major conclusions are (a) in Japan, 6.16ϫ10 6 t of blast furnace/converter dust was generated in 2000, and this product contained 2.20ϫ10 4 t-Zn. 0.433ϫ10 6 t of EAF dust was generated and this dust contained 8.86ϫ10
source problems with this process have been pointed out 11, 12) and actually some new processes are being proposed and examined. [13] [14] [15] [16] [17] [18] [19] The purposes of this study are as follows: (1) to identify the material flow of zinc associated with steel production, and (2) to estimate the environmental effects (energy consumption and CO 2 emission reduction) of some intermediate dust treatment processes.
MFA of Zinc Associated with Iron and Steel Cycle

Data
The main flows of zinc associated with resources and products of iron and steel can be divided into two categories: (a) zinc flow in the surface coating process of steel and (b) zinc flow in the steelmaking process. The amount of zinc used in the former process can be obtained from the statistic data published by the Ministry of Economy, Trade and Industry (METI), while less information is available on the yield of zinc and the discharge of plating sludge. On the other hand, it is estimated that approximately 500 thousand tons of EAF dust is generated each year. 20) Since no systematic investigation has been made on the quantity of zinc flow in the iron and steel industry, substance flow analysis of zinc through iron and steel flow was conducted in the present work based on some data available in literature and the authors' own field works.
First, a zinc flow in category (a) is discussed. Statistical data available from the METI 9) show that 3.04ϫ10 5 t-Zn of zinc is consumed as steel surface coating material. Zinc residues from the surface coating process are zinc dross, zinc sludge, and dust generated from the production process of hot-dip and electro galvanized steels. According to the report of the Japan Mining Industry Association (JMIA) published in 2006, 21) for every 1 t of zinc input, approximately 20 % of zinc dross is generated and half of this dross is recycled into the galvanization process. The remaining is sent to intermediate treatment companies. Zinc recycling companies recover comparable amounts of zinc sludge and dust. The average zinc content in these zinc residues was derived from the report of the JMIA. 22) With regard to category (b), zinc waste is mostly in the form of steelmaking dust. The dust generation ratio in the EAF steelmaking process, which is defined as (amount of EAF dust generation)/(crude steel production), and the average zinc content in the dust were obtained from the report by Narita et al. 23) The present work assumed that approximately 65 % of EAF dust is routed to an intermediate process for zinc recovery, according to the report of Furukawa. 20) The yield of zinc in the zinc recovery process was estimated from the report by Nishizeki and Ogawa 24) together with results obtained in our own field work. The amount of dust generated and the average zinc content in the dusts generated from the blast furnace (BF) and the convertor (BOF) were obtained from the report by Steel Recycling Research Co., Ltd.. Figure 2 shows the substance flow chart of zinc associated with iron and steel flow in Japan in 2005. The Japanese crude steel production in 2005 was 1.12ϫ10 8 t (BOF: 8.36ϫ10 7 t, EAF: 2.88ϫ10 7 t). 7) Estimations carried out in the present work showed that 6.16ϫ10 6 t of dust was generated from BF and BOF, and the total zinc content in both dusts in 2005 was 2.20ϫ10 4 t Zn. EAF dust generation and the zinc content in the dust were estimated to be 0.433ϫ10 6 t and 0.865ϫ10 5 t-Zn, respectively. With regard to the total zinc in EAF dust, it is estimated that 0.495ϫ10 5 t-Zn of zinc is recovered as crude zinc oxide (ZnO) through intermediate treatment processes. On the other hand, the demand for zinc in the galvanization process is 3.04ϫ10 5 t-Zn and the zinc residue recovered from the process is estimated to be 0.499ϫ10 5 t-Zn.
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Result
Environmental Assessment of Intermediate Dust Treatment Process
Outline of the Evaluated Processes
As mentioned previously, zinc recycling is partially achieved through steelmaking dust. The intermediate dust treatment process is a key technology to promote the zinc cycling associated with steel production. The Waelz process is a major method for treating steelmaking dusts containing zinc and this technology is employed worldwide. The basic principle of this process is the carbothermic reduction of zinc-ferrite (ZnFe 2 O 4 ) and zinc oxide (ZnO) as the main components of zinc in the dust. Zinc in the ZnFe 2 O 4 and ZnO is reduced to its metallic form in a Waelz rotary kiln and the metallic zinc formed subsequently evaporates into the gas phase at a high temperature of around 1 200°C. Chlorine and alkalis volatilize along with the zinc. However, through the controlled admission of air at the kiln outlet and the chemical equilibrium attained in the Zn-C-O-H system at a lower temperature, zinc vapor in the gas phase is oxidized again and zinc is finally recovered in the form of ZnO rather than metallic zinc. The basic reactions in the Waelz process are given as follows. The collected crude ZnO is supplied to a zinc refinery such as an Imperial Smelting process (ISP) as a zinc resource. The solid residue of the Waelz process containing most of the iron in the dust was allowed to recycle into road construction, cement production, and other applications. However, the cement industry can no longer accept this solid residue due to some environmental regulations and it is presently stocked, landfilled or returned to EAF company. In other words, this process acts as a method of condensing ZnO from the dust in spite of the large energy input for the reduction and volatilization of zinc. Zinc in the form of oxide in the dust is reduced to metallic zinc using a large amount of energy, but it is eventually converted into zinc oxide. Thus, zinc in the dust is just separated and condensed. Therefore, the Waelz process is not the best choice for dust treatment from the view point of effective usage of energy and recovery of metals such as zinc and iron.
Based on this background, the authors 18, 19) have proposed a new process for dust treatment by reacting CaO with ZnFe 2 O 4 in the dust to form free ZnO and Ca 2 Fe 2 O 5 , according to the following basic reaction. The basic principle and the results of the feasibility study on this new process have been described in our another publication. 19) Exothermic nature of Eq. (4) is a benefit of the new process. This reaction facilitates the formation of ZnO without the carbothermic reaction of the dust, so that the dust can be treated at around 1 000°C in air. In addition, ZnO can be separated from Ca 2 Fe 2 O 5 particles by the application of a strong magnetic field of 2 to 3 T. The steelmaking industry can use another reaction product, Ca 2 Fe 2 O 5 , for iron and steel making processes as an iron resource for a sintering plant or as a refining agent for the hot metal dephosphorization process. Therefore, this process may work as an on-site-type dust treatment process for steelmaking companies. The authors have named this process "the lime addition and magnetic separation (LAMS) process". The present work also aims to show the low energy efficiency of the LAMS process as a technique for ZnO extraction from the dust, and demonstrates the advantages of the LAMS process over the Waelz method from the view point of energy efficiency and environmental burden.
Data and Assumptions
It is evaluated that the material inputs of EAF dust and coke into the Waelz process are 3.381 kg and 0.337 kg per kg of crude ZnO recovery, respectively; these values were obtained by considering the stoichiometry of Eq. (1) and other process information. 11, 12, 23) The energy inputs of heavy oil (0.027 kg) and electricity (0.110 kW h) and the CO 2 emission by the production and combustion per ton of each fuel were calculated from literature.
23) The material inputs of EAF dust and CaO into the LAMS process were evaluated as 3.381 kg and 2.837 kg per kg crude ZnO recovery, respectively; these values were obtained by considering the stoichiometry of Eq. (4).
The authors 19) have shown that the enthalpy change of Eq. (4) at the boiling point of zinc is approximately Ϫ34.9 kJ/mol (exothermic) while that of Eq. (1) is about 535 kJ/mol (endothermic). Based on the heat balance, the input energies required for the LAMS process are essentially simple heating energy up to around 1 000°C and for the rotation of the kiln type reactor. It has also demonstrated that approximately 77 % of ZnFe 2 O 4 in the dust was able to be converted to ZnO and Ca 2 Fe 2 O 5 at 1 100°C at 3 h, 19) which was almost equivalent reaction efficiency for ZnO formation with the Waelz process because the general operating condition of the Waelz process is 6 to 8 h treatment at around 1 200°C. 26) Thus, the input energies of the LAMS process are assumed to be the same as those required in the Waelz process (heavy oil and electric power input).
The simplified evaluation system and its boundary definitions are shown in Fig. 3 . The effect of replacing the Waelz process (Case 1) with the LAMS process (Case 2) for crude ZnO recovery through EAF dust treatment was evaluated. For the evaluation, the solid residue of the Waelz kiln (clinker) was assumed to be recycled to the ironmaking process as a substitute for iron ore (Fe 2 O 3 ) while in the actual case it is not well recycled as an iron resource. The amount of substitution can be calculated from the average composition of the dust as an ideal case. The solid residue of the LAMS process (Ca 2 Fe 2 O 5 ) is assumed to substitute CaO and Fe 2 O 3 used in the hot metal dephosphorization process. The amount of substitution can also be calculated from the average composition of the dust and the corresponding CaO input into the LAMS process. Figure 4 and Table 1 shows the comparison of the energy consumption and CO 2 emission per kg of crude ZnO production from EAF dust by the Waelz and LAMS processes. Since the LAMS process involves simple heating in air, it enables the reduction of coke input by 0.337 kg in comparison to the Waelz process. In spite of the additional CaO input in the LAMS process, substitution ensures that the by-product of the process, Ca 2 Fe 2 O 5 , is cancelled out by the CaO and Fe 2 O 3 inputs in the conventional iron and steel making process. As a result, the total energy consumption and CO 2 emission in the LAMS process were evaluated as Ϫ1.70 MJ and Ϫ0.14 kg-CO 2 per kg of crude ZnO dust produced from EAF dust, while the corresponding values for the Waelz process were 9.57 MJ and 1.49 kg-CO 2 , respectively. In other words, we can expect energy savings of 11.27 MJ and a CO 2 reduction of 1.64 kg-CO 2 per kg of ZnO produced from dust if the Waelz process is replaced with the LAMS process.
Result
The results do not include the energy consumption of the magnetic separation process and the CO 2 emission from the process. The development of a separation process that has low energy consumption and CO 2 emission will sustain the advantages of the LAMS process. Ye et al. 15, 16) have estimated the environmental effect of EAF dust recycling with their interesting new dust treatment process. They have proposed the elimination of zinc ferrite, which is hard to be leached, by the reaction with CaO for the pretreatment of EAF dust followed by the © 2008 ISIJ leaching process named as EZINEX. They have suggested that we can expect energy savings of 6-9 MJ and a CO 2 reduction of 0.8-0.9 kg-CO 2 per kg of ZnO produced from dust if the Waelz process is replaced with their proposal process. However, details of the system boundary, process inventories and assumptions in their estimation are not available in their papers.
Discussion
Substance flow analysis of zinc associated with the iron and steel cycle in Japan and the environmental assessment of the new dust treatment process proposed by the authors have been conducted in the present work. The results revealed that the steelmaking process, particularly the EAF steelmaking process, plays a dominant role in zinc recycling via steelmaking dust (EAF dust). This is because the share of the iron and steel industry in the total domestic zinc demand is significant and the recycling path of zinc from other end-of-life products such as zinc die casting goods, alloys containing zinc (brass and other copper alloys), and pigment is very small. This situation of domestic zinc flow and the possible impact of the LAMS process on total zinc flow are discussed here based on the total amount of domestic EAF generation (0.433ϫ10 6 t) in 2005. A macro domestic zinc flow in Japan is shown in Fig. 5 , which was drawn by modifying the demand and supply of zinc in the domestic industry sectors as reported by the METI 7) by taking into account the substance flow of zinc in the iron and steel industry. The amount of zinc concentrated into EAF dust is estimated to be 0.865ϫ10 5 t-Zn, as mentioned previously. This amount corresponds to approximately 13.6 % of the domestic production of zinc metal as electrolytic, distilled, high-purity distilled, and recycled zinc metal. Further, 0.495ϫ10 5 t-Zn of zinc, which accounts for approximately 7.8 % of the total zinc production, is estimated to be regenerated from the crude ZnO recovered from EAF dust. The crude ZnO is mainly recycled in the zinc refinery process. The detailed MFA of zinc, such as the final destination of zinc, can be estimated by the waste input-output material flow analysis (WIO-MFA) model, 27) and this is the future direction for this research.
With respect to the intermediate treatment process of EAF dust, the share of the Waelz process is approximately 56 % that of the total capacity of intermediate treatment reactors in Japan. 10, 11, 29) Since 65 % of EAF dust is treated for ZnO recovery, total energy savings of 5.23ϫ10 5 GJ and CO 2 reduction of 7.58ϫ10 4 t-CO 2 could be expected if the nationwide replacement of the Waelz process with the LAMS process were carried out.
In the evaluation of the present work, the construction of a new reactor for the LAMS process was not taken into account because the kiln furnace of the Waelz process can be used for the LAMS process. However, the environmental burden involved in constructing the reactor should be considered if an on-site type reactor needs to be constructed in steelmaking works.
Conclusions
(1) In Japan, 6.16ϫ10 6 t of blast furnace/converter dust was generated in 2000, and this product contained 2.20ϫ10 4 t-Zn. Further, in 2000, 0.433ϫ10 6 t of EAF dust was generated and this dust contained 8.86ϫ10
4 t-Zn. (2) Further, 9.57 MJ of energy is required for producing 1 kg of zinc oxide by the Waelz process using EAF dust, and the estimated amount of CO 2 emission in this process is 1.49 kg-CO 2 . On the other hand, if the LAMS process is employed, it is estimated that there will be a reduction of 1.70 MJ in energy consumption and a reduction of 0.14 kg-CO 2 in CO 2 emissions.
(3) The LAMS process, in comparison with the Waelz process, could provide 11.27 MJ of energy saving and 1.64 t-CO 2 of CO 2 emission reduction for 1 kg of zinc oxide
